Monitoring tropical forest cover is central to biodiversity preservation, terrestrial carbon stocks, essential ecosystem and climate functions, and ultimately, sustainable economic development. The Amazon forest is the Earth's largest rainforest, and despite intensive studies on current deforestation rates, relatively little is known as to how these compare to historic (pre 1985) deforestation rates. We quantified land cover change between 1975 and 2014 in the so-called Arc of Deforestation of the Brazilian Amazon, covering the southern stretch of the Amazon forest and part of the Cerrado biome. We applied a consistent method that made use of data from Landsat sensors: Multispectral Scanner (MSS), Thematic Mapper (TM), Enhanced Thematic Mapper Plus (ETM+) and Operational Land Imager (OLI). We acquired suitable images from the US Geological Survey (USGS) for five epochs: 1975, 1990, 2000, 2010, and 2014. We then performed land cover analysis for each epoch using a systematic sample of 156 sites, each one covering 10 km × 10 km, located at the confluence point of integer degree latitudes and longitudes. An object-based classification of the images was performed with five land cover classes: tree cover, tree cover mosaic, other wooded land, other land cover, and water. The automatic classification results were corrected by visual interpretation, and, when available, by comparison with higher resolution imagery. Our results show a decrease of forest cover of 24.2% in the last 40 years in the Brazilian Arc of Deforestation, with an average yearly net forest cover change rate of -0.71% for the 39 years considered.
INTRODUCTION
The Joint Research Centre of the European Commission has been involved in monitoring tropical forest cover with remote sensing since 20 years, with the goal of reducing the uncertainties in measuring forest change and the related carbon emissions . Remote sensing technology has been the major provider of cost-effective, high-quality datasets for land surface monitoring in the past decades (Lunetta et al., 2002) , on this background the TREES-3 project was carried out from 2007 to 2014 assessing forest cover changes in the pantropics between 1990 and 2010 on basis of a regular sampling grid with medium resolution satellite imagery , Beuchle et al., 2015 -providing major input the Forest Resource Assessment 2010 -Remote Sensing Survey (FRA2010RSS, FAO & JRC 2012) carried out by the Food and Agriculture Organisation (FAO) of the United Nations. The Brazilian Amazon, the largest tropical forest on earth, has been undergoing rapid deforestation during the last four decades (Mertens et al., 2002) , nowhere in the world has so much forest disappeared so rapidly as in this area (Andersen et al., 2002) . On this background we extended the time of observation of TREES-3 from 1975 to 2014. For the Brazilian 'Arc of Deforestation' (AOD) along the South and East of the Flanks of the Brazilian Legal Amazon (Pacheco et al., 2006) , in order to get a full picture on historical and recent forest cover change in this area.
MATERIAL AND METHOD

Study area
The gradual transformation of the Amazon forest, launched by the advancement of the 'economic front', created a vast area with a rapidly declining forest cover in the form of a large arc, ranging from the westernmost Brazilian Acre State, across Southern Amazonas, Southern Pará and the North of Rondônia, and Mato Grosso States to the border of Pará State with the States of Tocantins and Maranhão (Figure 1 ). This so-called 'Arc of Deforestation' is roughly 2,800 km long and 1,000 km wide (at its widest point), covering an area of approximately 1,700,000 km 2 . It was defined by the Brazilian Institute of Environment and Renewable Natural Resources (IBAMA) in the early 1990ies by mapping 256 municipalities with the most intensive deforestation activities. At the time, approximately 75% of the deforestation in the Brazilian Amazon was concentrated in the AOD (Gonçalves, 2014) . It reflects the imprint in the forest of Brazilian agricultural frontier expansion, mainly by large-scale pasture for cattle ranching and soybean production (Mertens et al., 2002) , and the accompanying increase of population close to or within the AOD.
Layout of sample grid
Sampling approaches have been proposed (Mayaux et al., 2005; Ridder, 2007) and used as an alternative to wall-to-wall mapping, implying advantages such as reducing costs and efforts while providing accurate estimates of forest cover and forest cover changes (Achard et al., 2002; Eva et al., 2012 , Hansen et al., 2008 Potapov et al., 2011) . In conjunction with FAO's FRA2010RSS study, a sampling grid was designed with a sample of 10km X 10km at the confluence of full degree latitudes and longitudes over the area of the Arc of Deforestation, resulting in 141 samples regularly distributed over the area (Fig. 1 ).
Landsat imagery
For the mapping of the forest cover for the years 1975, 1990, 2000, 2010 and 2014 imagery from Landsat MSS, TM, ETM+, and OLI were downloaded from the Global Land Survey (GLS) archives, provided by the United States Geological Survey (USGS). The images selected were as close as possible to the target date (30 June for all target years) and with the least cloud cover possible . Good quality imagery was available for almost all the sample units for all target years (example: Fig.2 ), the number of images processed adding up to more than 700. The only exceptions to using Landsat imagery consisted in three sample units in the easternmost part of the Arc of Deforestation, where the forest cover for the year 1975 was estimated on basis of Corona imagery from 1965 in combination of rather cloudy MSS images from 1975. 
Image segmentation & classification
The selected images underwent an extensive pre-processing, including image geo-location check, conversion to top-of atmosphere reflectance, cloud-masking, de-hazing and image normalization on basis of pseudo-invariant features . For each sample unit, the pre-processed images from the five 'epochs ' (years 1975, 1990, 2000, 2010 and 2014) went through a multi-step segmentation using eCognition software (Trimble©), followed by an object-based classification process based on membership functions defined by a collection of spectral signatures taken across the tropical belt (Raši et al., , 2013 . Objects were classified into five land cover classes (Table 1) ; the Tree Cover class was defined in compatibility with the definition of forest by FAO (FAO, 1998 Examples of the Landsat imagery and land cover classification results are shown in Fig. 2 . The resulting classified objects, with a minimum mapping unit (MMU) of 5 ha, underwent an intensive process of correction of the land cover information assigned to the objects for each target year (Eva et al., 2012) . The class Tree Cover Mosaic was used for spatial objects containing patches of tree cover varying from 30% to 70% of coverage within the object. In the statistical analysis an object labelled as Tree Cover Mosaic was considered as 50% Tree Cover, defined by the average of the upper and lower percent limit. The land cover maps underwent an extensive process of validation, where falsely labelled objects were assigned the correct class interactively (Eva et al., 2012) . 
Statistical analysis
The land cover information of the sample units was used to calculate for the Arc of Deforestation land cover statistics for each of the target years (1975, 1990, 2000 2010, and 2014) and land cover change statistics for each of the time periods examined. In this context we assumed that cloud and cloud shadow were distributed randomly over the land cover and thus would create no bias when calculating statistics. Considering that very few satellite images used were acquired on the same (target) day per target year, a method of 'normalisation to target date' was applied. For this purpose it was assumed that land cover changes occurred linearly over time, thus allowing a simple regression for calculating the land cover at 'target date'. To make up for the densification of the sampling grid with increasing distance to the equator, a weight to each sample unit was given defined by the cosine of the sample unit's latitude. The extrapolation of the sample units to the full area was carried out using the Horvitz-Thompson Direct Expansion Estimator (Särndal et al., 1992 ) that uses the sample unit's mean proportions of each of the land cover classes for extrapolations to the full area of interest. Figure 2 . Forest cover change analysis for the AOD (example: sample unit South 10°, West 58° in Northern Mato Grosso State); upper line: Landsat MSS, TM, ETM and OLI imagery for the different target dates:, middle line: land cover maps for the respective dates (green: tree cover, light green: tree cover mosaic, orange: other wooded land, grey: other land, blue: water); bottom line: forest cover change maps for the target periods: green: unchanged tree cover, light green: tree cover -> tree cover mosaic, red: deforested areas, dark blue-green: tree cover re-growth
RESULTS
Our results show that the forest cover in the Arc of Deforestation has decreased (net loss) from 1,526,374 km 2 (or 89.7% coverage) to 1,157,216 km 2 (or 68.0% coverage) from 1975 -2014, the net loss of forest for the whole period adds up to 369,158 km 2 or 24.2% of the forest cover in 1975 ( For the period between 1975 and 2014, we calculated the yearly percentage of net forest loss as follows (Puyravaud, 2003) :
(1) where t1, t2 = time 1 and time 2 A1, A2 = forest cover at time 1 and time 2
In the period from [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] , the percentage of yearly net change of forest was at -0.67%, rising to -0.82% and -0.89% for 1990-2000 and 2000-2010 respectively, before it decreased to a low -0.15% in the period between 2010-2014.
The spatial and temporal patterns of the deforestation activities are not equally distributed within the area of the Arc of Deforestation. (Fearnside et al., 2005) . The main area of forest conversion within the AOD can be found at the Southern and Eastern part of the area (Figure 3 ). The overall net forest loss and the period with the highest deforestation rate for the different sample units can be seen in Figure 4 . In general access by roads to the forest triggers forest conversion (Ahmed et al., 2013) to pastures, fields of crop agriculture or settlements. The increasing density of roads, increasing population and economic (mainly agricultural) activities were the main reasons for the deforestation activities on the Southern and Eastern borders of the Brazilian Amazon.
The population in the Legal Amazon increased from 3.5 million in 1950 to 20.0 million in 2000 and to 24.3 million in 2008 (Perz et al., 2005 , Amazon Fund, 2010 . This increase in population was accompanied by a densification of the road network, e.g. between year 2004 and 2007, the road network in the Brazilian Amazon grew by almost 17,000 km, mainly in the area of the AOD (Ahmed et al., 2013) . These dynamics went along with a parallel increase of agricultural production by enlarging the areas crops and pastures through forest conversion. After 2005, while the deforestation rates in the Brazilian Amazon decreased, the persistent increase of crop yields was mainly due to an intensification of agriculture (Macedo et al., 2011) .
DISCUSSION AND CONCLUSIONS
In order to make an assessment of our results, we compared our deforestation estimates with those from PRODES (INPE, 2008) , as official estimates of the Brazilian government, and with the Global Forest Watch (GFW) data (Hansen at al., 2013) . PRODES uses Landsat imagery to map yearly gross deforestation areas within the Brazilian Legal Amazon with a minimum mapping unit of 6.25 ha, whereas GFW data resulted from time-series analysis of Landsat imagery and mapped pixelbased percentages of tree cover for year 2000 and yearly forest loss from year 2001-2013 (Table 3 ).
In order to be able to compare our data with GFW (and because there is not a clear definition of what GFW considers forest), we applied the same criteria as used in our study, considering forest above a threshold of 30% of tree cover. INPE only considers only the area of evergreen forest within the Legal Amazon for the PRODES analysis, thus excluding some areas of deciduous forest and savannah. We took the minimum common area (evergreen forest within the AOD) of all three datasets, comprising 1495406 km 2 , to produce the comparative statistics. Regarding the GFW data we assumed that any pixel with a tree cover percentage lower than 30% as non-forest and thus deforested at some stage earlier than year 2000. From the TREES-3 data we excluded 20 sample units (covering an area considered as non-evergreen forest by INPE). We aggregated the figures of gross deforestation from the periods 1975-1990 and 1990-2000 to calculate the overall area of gross deforestation at year 2000.
Deforestation
The three approaches provide quite diverging results, especially regarding the numbers for the deforested area in year 2000 and the comparison of the gross deforested area between 2010 and 2014. This shows that even if the evergreen forest is considered as an 'easy target' for forest cover change analysis, compared to e.g. seasonal forest or savannah (Barreda-Bautista et al., 2011) , and even if the same type of imagery is used (Landsat) in the comparative studies, the differences in the applied methods (different minimum mapping units, sampling vs. wall-to-wall, object-based vs. pixel-based, time series analysis vs. single image analysis etc.) potentially leads to diverging figures on areas of forest conversion.
